Background-Little is known about whether direct angiotensin receptor blockade can reduce atherosclerosis and plaque disruption. This study evaluated the effect of angiotensin receptor blockade on both the development of atherosclerosis and the disruption of plaque in a modified Constantinides animal model. Methods and Results-Twenty-eight New Zealand White rabbits underwent aortic balloon injury followed by a 1% cholesterol diet for 8 weeks. Thirteen rabbits received candesartan at 0.5 mg · kg Ϫ1 · d Ϫ1 beginning 2 days before aortic balloon injury and continued for the total 8 weeks of the cholesterol diet. The rabbits were then pharmacologically triggered and humanely killed, and their aortas were analyzed. The degree of atherosclerosis was determined by intima-media ratio of the infrarenal portion of the aorta. The frequency of intra-aortic thrombosis, a measure of plaque disruption, and the percentages of macrophage area and collagen-staining area of the plaque were determined. Candesartan-treated rabbits had less atherosclerosis (intima-media infrarenal aorta ratio of 1.18Ϯ0.08 versus 1.57Ϯ0.08
A ngiotensin II is a potent vasoactive peptide that causes vasoconstriction and can affect blood pressure. More recently, angiotensin II has been shown to contribute to atherogenesis. 1 Angiotensin II results in impaired endothelium-dependent vasodilation, 2 monocyte recruitment and activation, 3 and vascular smooth muscle cell growth and migration, 4, 5 as well as increased oxidation of LDL, with subsequent uptake of oxidized LDL by macrophages. 6 The effect of angiotensin II on the vasculature is mediated by 2 plasma membrane receptors, angiotensin II receptor type 1 and angiotensin II receptor type 2 (AT 1 and AT 2 , respectively). 7 The underlying mechanism of most acute coronary syndromes is the disruption of an atherosclerotic coronary plaque with a subsequent overlying thrombus. Although angiotensin II plays an important role in the development of early atherosclerosis, little is known about the role of angiotensin II on plaque disruption. Several animal and clinical studies 8 have demonstrated that angiotensin-converting enzyme inhibitors reduce atherosclerosis and may reduce plaque disruption. However, it is not known whether direct angiotensin receptor blockade also reduces atherosclerosis and plaque disruption. To address these questions, we used a modified Constantinides model 9,10 of plaque disruption in which atherosclerotic rabbits were pharmacologically triggered, yielding plaques with overlying thrombi similar to those observed in disrupted coronary artery plaques of patients with acute manifestations of cardiovascular disease.
Methods

Rabbit Housing and Diet
Adult New Zealand White (NZW) male rabbits weighing Ϸ3 kg (Millbrook Immunoserv, Amherst, Mass) were continuously housed at the hospital's animal care facilities. All studies were performed after approval of the hospital Animal Care and Use Committee on Animal Investigations.
Rabbits were fed a 1% high-cholesterol diet incorporated into standard rabbit chow (Purina modified 1% cholesterol diet 5736C-G) beginning immediately after balloon injury and continuing for 8 weeks. Fasting serum cholesterol values were obtained before balloon injury and before pharmacological triggering. Weights were monitored to ensure that the rabbits remained healthy.
Study Protocol
Candesartan-cilexetil was prepared by mixing and emulsifying gum arabic and water. The suspension was administered orally by gavage daily. The study protocol is summarized in Figure 1 . A doseresponse study was first performed. Four NZW rabbits that received high-dose candesartan (0.5 to 1.5 mg/kg), 6 on low-dose candesartan (0.01 mg/kg, nϭ3 and 0.10 mg/kg, nϭ3), and 6 placeboadministered rabbits underwent aortic balloon injury followed by a 1% cholesterol diet for 8 weeks. The rabbits were then pharmacologically triggered and humanely killed (as described below), and their aortas were analyzed.
Two of the 4 rabbits that received high doses (1.0 or 1.5 mg/kg daily) of candesartan died after several days of therapy. Serum from each of the 2 animals demonstrated elevated blood urea nitrogen and creatinine levels (animal 1, 84 and 9.7 mg/dL, respectively; animal 2, 29 and 2.5 mg/dL, respectively). The overall mean blood urea nitrogen and creatinine levels in this high-dose group were normal. All other animals tolerated the candesartan. The highest tolerated dose of candesartan was therefore determined to be 0.5 mg/kg.
Once the highest tolerated dose was established, the rabbits were divided into 2 groups: the experimental arm, in which the rabbits received either 0.5 mg/kg candesartan, and the placebo (control) arm. Candesartan-treated rabbits received candesartan daily for 2 days before balloon injury and the subsequent 8 weeks until triggering. A total of 28 rabbits were used, 15 placebo rabbits and 13 candesartantreated rabbits. Because there were 2 rabbits on 0.5 mg/kg of candesartan and 6 placebo rabbits in the initial dose-response study, an additional 11 candesartan-treated rabbits and 9 placebo rabbits were used.
Balloon Injury and Endothelial Denudation
Rabbits were anesthetized with ketamine (35 mg/kg IM), xylazine (2.5 mg/kg IM), and acepromazine (0.75 mg/kg IM). Anesthesia was maintained during the procedure with isoflurane inhalation via mask. Balloon-induced arterial wall injury of the aorta was performed with a 3F Fogarty catheter introduced through a right femoral artery cutdown. The catheter was first advanced 30 cm to a level just above the aortic valve. The balloon was then inflated with 0.3 mL saline, and the catheter was gently retracted to the iliofemoral artery. This procedure was performed 3 times in each rabbit. The catheter was then removed, and the incision was closed with sutures.
Pharmacological Triggering and Euthanization
After endothelial denudation and 8 weeks of the high-cholesterol diet, plaque disruption was triggered by administration of Russell's viper venom (0.15 mg/kg IP, Sigma Chemical Co) followed 30 minutes later by histamine (0.02 mg/kg IV) at 48 and at 24 hours before euthanization (see Figure 1) . Immediately before euthanization, heparin sulfate (10 U/kg IV) was given to prevent postmortem clotting. Euthanasia was performed with ketamine (35 mg/kg IM) and xylazine (5 mg/kg IM) followed by a bolus injection of sodium pentobarbital (100 mg/kg IV).
Serum Cholesterol Measurement
Blood samples were obtained before beginning candesartan therapy and just before pharmacological triggering. Total serum cholesterol, HDL, and triglycerides were measured (Roche Hitachi 917 and Roche reagents). LDL cholesterol was calculated from the Friedewald equation, whereby LDLϭtotal cholesterolϪHDLϪ(triglycerides/5).
Tissue Preparation
After the animals were killed, 6 rabbits were perfusion-fixed with 10% formalin acetate for a minimum of 2 hours. The aorta from the aortic valve to the femoral bifurcation was removed, cut, and catalogued into 2.5-mm serial sections. These samples then underwent additional fixation overnight in formalin, followed by a second overnight tissue processing and dehydration. The samples were embedded in paraffin the following day. Serial cross sections were processed for general histological staining with hematoxylin-eosin (H&E).
The aortas removed from the remaining 22 rabbits were immediately excised from the animals and cut into 16 serial 2-mm sections, with alternate sections embedded in paraffin and catalogued. The remaining specimens were embedded in OCT compound (Tissue-Tek, Fisher Scientific), snap-frozen, and stored at Ϫ70°C for specific immunohistochemical staining as well as general histological staining.
Histological Analysis
Identification of Disrupted Plaques
Sections stained with H&E were analyzed for the presence of disrupted plaques. Disrupted plaques were defined as those with an overlying premortem thrombus. Ruptured plaques were histologically defined as those with either intraplaque hemorrhage or a microscopically visible fissure within the plaque. Plaques that had no overlying thrombus and no intraplaque hemorrhage or plaque fissure were defined as nondisrupted plaques. Comparative analyses of the histological and physical properties of the various types of plaque as outlined were performed.
Determination of Atherosclerotic Burden
The method for determining the intima-media ratio of the aorta, which is used as a measure of atherosclerotic burden, has been previously described. 11 Percentage aortic wall thickness [(outer wall areaϪarea of lumen)/(outer wall area)ϫ100%] was determined from the histological sections of the aorta stained with H&E. Because the bulk of the atherosclerotic burden was limited to the infrarenal region, only those regions were analyzed. These slides were scanned microscopically (Olympus DP12) to enable use of computerized image analysis with Adobe Photoshop and NIH Image Analysis software (Scion Image, release 3b). The luminal, intimal, medial, and outer wall areas were manually traced and quantified, which allowed intima-media ratios to be calculated. Six sections from each rabbit aorta were used to determine the intima-media ratio. Schematic of study timeline. Balloon injury was followed by 8 weeks of 1% cholesterol feeding. Pharmacological triggering was performed 48 and 24 hours before euthanization. Serum cholesterol was also monitored at baseline and before triggering.
Determination of Macrophage and Collagen Areas
Percentage area of macrophages was acquired by using commercially available image analysis computer software (Image Pro Plus). Aortic cross sections (5 m) were stained immunohistochemically with RAM-11 antibody (DAKO Corp) and developed with a Fast Red TR/naphthol AS-MX alkaline phosphatase substrate tablet kit (Sigma catalog No. F4648). The area of plaque was traced to establish an area of interest, which was set equal to 100%. The areas containing macrophages were then digitally "painted" and detected by the density of red staining. The quantity of digitally painted areas was then calculated electronically as a percentage of the overall selected area of interest. Three slices were chosen at random from each animal.
Similarly, percentage area of collagen was acquired by first staining aortic cross sections with Masson's trichome. The bluestained areas corresponded to collagen. The areas were again digitally painted, and the areas were calculated as a percentage of the overall size of plaque. All pathological measurements were done in a blinded fashion.
Blood Pressure Measurements
Blood pressure measurements were obtained on a biweekly basis by a blood pressure measuring device (Datascope Accutorr 2A) with an NIBP cuff (newborn, Datascope Corp) placed on the rabbit's hind leg.
Statistical Analysis
All data are reported as meanϮSEM. Comparisons and correlations were made with unpaired t test, least-squares linear regression, and Fisher's exact test, where appropriate. A probability value Յ0.05 was considered significant.
Results
Pretrigger Weights, Cholesterol, and Blood Pressure Levels
All animals underwent initial balloon injury without complications and recovered uneventfully. The weight of the rabbits at baseline was 3.2Ϯ0.4 kg, which increased to 3.6Ϯ0.3 kg (Pϭ0.012) after the 8-week 1% cholesterol diet period.
The total serum cholesterol at baseline for the control animals was 42.3Ϯ11 mg/dL and for the candesartan-treated rabbits, 43.5Ϯ13.9 mg/dL. After 8 weeks on the 1% cholesterol diet (just before triggering), the serum total cholesterol level had increased to 961Ϯ214 mg/dL, whereas the candesartan-treated rabbits had a mean cholesterol level of 1240Ϯ254 mg/dL. These values were not significantly different from each other (Pϭ0.41, t test). Similarly, the pretrigger LDL levels in the control animals were 773.6Ϯ190 mg/dL compared with 930.7Ϯ206 mg/dL in the candesartantreated group, an insignificant difference (Pϭ0.1125).
The average blood pressure of a subgroup of 9 candesartan-treated rabbits was124Ϯ6/52Ϯ3 mm Hg and was not significantly lower than that in a subgroup of 9 control rabbits (133Ϯ6/53Ϯ3 mm Hg, Pϭ0.3 for systolic blood pressure).
Degree of Atherosclerosis
The intima-media ratio of the infrarenal abdominal aorta in the 13 rabbits that received 0.5 mg/kg candesartan daily was examined and compared with those of the control rabbits. Six cross sections of the infrarenal aorta were used from each rabbit and averaged. We limited analysis to the infrarenal aorta because it appeared to be the most atherosclerotic portion, and all thrombi were found within the infrarenal aorta. The intima-media ratio of the infrarenal aortas was 1.57Ϯ0.08 for the placebo group compared with 1.18Ϯ0.08 in the candesartan-treated group (PϽ0.001, see Figure 2 ).
Rate of Plaque Disruption and Thrombus Formation
We compared the frequency of plaque disruption with overlying thrombus in rabbits that received 0.5 mg/kg candesartan daily for 8 weeks with that of a placebo group. In the placebo control group of 15 rabbits, 11 animals developed plaque disruption and thrombosis. In contrast, only 3 of 13 rabbits that were treated with 0.5 mg/kg candesartan daily developed plaque disruption and thrombi, a significant difference (PϽ0.05). This rate of plaque disruption is 70% less than that in control rabbits. All plaque disruption and thrombi occurred in the infrarenal aorta above the bifurcation. There was plaque rupture with hemorrhage into the plaque visible in 6 of 11 control rabbits and in 1 of 3 candesartan-treated rabbits.
Effect of Candesartan on Macrophage Recruitment to the Plaque
Plaque vulnerability may in part be due to macrophage-and lipid-rich regions in the atheroma. Because fewer candesartan-treated rabbits had plaque disruption than the placebo controls, the ratio of macrophage area to plaque area was examined to determine whether candesartan had an effect on macrophage recruitment into the plaque. We examined 3 random sections stained for macrophages in the infrarenal region of each rabbit aorta and compared the relative proportion of macrophage-stained areas to the plaque area of candesartan-treated rabbits versus the placebo controls. We limited our examination to the infrarenal regions of the aorta because all plaque disruptions occurred in this region. We found a significant difference in the proportion of the macrophage-stained region to the plaque area in the candesartantreated rabbits (18.8Ϯ2.7% versus placebo controls, 27Ϯ2.5%, PϽ0.05, see Figure 3 ).
Effect of Candesartan on Collagen Deposition in the Plaque
If candesartan improves plaque stability, then it may not only decrease macrophage deposition but also increase collagen deposition within the atheroma. We therefore evaluated the degree of collagen deposition by examining infrarenal aortic tissue sections of both control and candesartan-treated rabbits that were stained with Masson's trichome, a stain for collagen. We found significantly more collagen in plaques of candesartan-treated rabbits (4Ϯ3%) versus placebo control (36Ϯ2%, PϽ0.01, see Figure 4 ).
Discussion
Results from the recent Heart Outcomes Prevention Evaluation (HOPE) trial 8 suggest that angiotensin-converting enzyme inhibitors decrease the development of cardiovascular complications of atherosclerosis. Although this would confirm the many studies that demonstrate the role of angiotensin II in atherogenesis, few studies demonstrate that direct angiotensin receptor blockade has a similar effect on the development of atherosclerosis and its effect on acute manifestations of cardiovascular disease. These series of experiments demonstrate that candesartan has an effect on the development of atherosclerosis in the aortas of ballooninjured, high cholesterol-fed rabbits. Furthermore, candesartan appears to decrease the development of thrombosis after pharmacological triggering.
Rabbits that received 0.5 mg/kg candesartan daily had 30% less atherosclerosis than did placebo-control rabbits. The candesartan-treated rabbits' plaques were less macrophagerich but more collagen-rich than those in placebo controls. The rate of thrombosis after pharmacological triggering in these rabbits was 25% that of the control rabbits. The systolic blood pressures between the 2 groups were not significantly different. Similarly, there was an insignificant difference with regard to the total cholesterol levels in each group. This is the first demonstration that angiotensin receptor blockade can decrease the frequency of plaque disruption. This confirms previous reports that angiotensin receptor blockers can attenuate the degree of both atherosclerosis and macrophage recruitment within the plaque. Presumably, this effect is a result of the angiotensin receptor blocker's preventing angiotensin II from binding to the vascular AT 1 receptor. These results also confirm previous studies, which demonstrated the importance of the AT 1 receptor in atherogenesis. Yang and colleagues 12 found that AT 1 receptor expression was increased in hypercholesterolemic atherosclerotic rabbits. Strawn and colleagues 13 showed that angiotensin receptor blockers decreased the development of atherosclerosis and vascular cell adhesion molecule expression in high cholesterol-fed monkeys. Similar results were reported in Watanabe rabbits. 14 The mechanism underlying the decrease in atherosclerosis after AT 1 blockade is unknown. Various groups have reported that angiotensin receptor blockers modulate cellular adhesion molecules in atherosclerosis, 15 decrease macrophage accumulation 16 and chemokine expression, 16 and attenuate LDL oxidation. 17 Others have also shown decreases in lipoxygenase-1 expression, 18 as well as decreasing NAD(P)H oxidase, 19 thereby reducing oxidative stress in the vessel wall. Each of these mechanisms can contribute directly to plaque development and overall plaque stability.
These results support our findings, which demonstrate a decrease in macrophage accumulation in the plaque. This may be explained on the basis that AT 1 blockade resulted in a decrease in monocyte chemoattractant protein-1 3 or a reduction in NADP(H) oxidase, which in turn would reduce macrophage infiltration. 20 Alternatively, blocking the AT 1 receptor increases stimulation of the AT 2 receptor by angiotensin II, thereby reducing the inflammatory response. 21 Because macrophage-rich lesions are more prone to disruption, any diminution of macrophage area would lead to plaque stabilization. 22 This may have played a role in the reduced plaque disruption in the candesartan-treated rabbits. To our knowledge, this is the first demonstration that angiotensin receptor blockers increase collagen deposition, which is an additional means of plaque stabilization. Recent data 23 have suggested that angiotensin receptor blockers can also attenuate the activity of metalloproteinases, which digest collagen.
Vaughan and colleagues 24 have demonstrated that angiotensin II promotes the production of plasminogen activator inhibitor-1 in vascular cells, which could contribute to the development of thrombi. Hamdan et al 25 showed that angiotensin-converting enzyme inhibitors reduced plasminogen activator inhibitor-1 production, which may partly explain why candesartan reduced the presence of intra-aortic thrombi after triggering. We have recently demonstrated that candesartan can reduce tissue factor expression in rat aortic smooth muscle cells, which may also explain candesartan's antithrombotic effect. 26 Angiotensin receptor blockade may also suppress platelet activity by antagonizing thromboxane signaling. 27 We did not demonstrate a significant effect of candesartan on blood pressure in this rabbit animal model. Although the number of animals studied was small, this could suggest that the angiotensin receptor blocker's effect on atherogenesis in rabbits is independent of its blood pressure effect.
Modified Constantinides Animal Model
The modified Constantinides animal model 10 is one of the few animal models of acute plaque disruption and thrombosis and is relatively easy to use. In this model, the degree of atherosclerosis tends to be greater in the abdominal aorta than the thoracic aorta, which might explain why the thrombi in the aortas of rabbits were consistently located infrarenally but above the aortic bifurcations.
Limitations
The rabbits in the experimental arm were pretreated with candesartan before aortic balloon injury and cholesterol feeding were initiated. This protocol could have served to optimize the effect of angiotensin receptor blockade. Furthermore, candesartan resulted in a small but insignificant reduction in systolic blood pressure. Although the range of blood pressure was normal for that species, a lower blood pressure could reduce the frequency of plaque disruption. The reduction in the frequency of plaque disruption and thrombosis in the candesartan-treated rabbits may, in part, be a consequence of the lesser degree of atherosclerosis. Further studies are needed to demonstrate whether the effect of angiotensin receptor blockers on plaque disruption is a result of decreased atherosclerosis alone. This could be best shown by initiating candesartan treatment in already atherosclerotic animals and then inducing pharmacological triggering. It is, however, important to note that the modified Constantinides animal model has not to date been shown to predict therapeutic effects in humans.
Conclusion
In this study, we demonstrated that candesartan (1) attenuates the development of atherosclerosis; (2) reduces macrophage accumulation; and (3) increases collagen deposition within the plaque, thereby reducing the frequency of plaque disruption. These results suggest that angiotensin receptor blockade may have a similar effect on the reduction of acute cardiovascular events, as angiotensin-converting enzyme inhibitors demonstrated in the HOPE trial. 8 Further studies are needed to better elucidate the mechanism underlying its effect on atherogenesis and whether it is similarly effective in clinical application.
